Abstract Diffusion-weighted imaging has generated substantial interest in the hope that it can be developed into a robust technique to improve the accuracy of MRI for the evaluation of prostate cancer. This technique has the advantages of short acquisition times, no need for intravenous administration of contrast medium, and the ability to study diffusion of water molecules that indirectly reflects tissue cellularity. In this article, we review the existing literature on the utility of DWI in tumour detection, localisation, treatment response, limitations of the technique, how it compares with other imaging techniques, technical considerations and future directions.
Background
Prostate cancer (PC) is the most common cancer among adult males. In the United States, it is estimated that 192,280 men will be diagnosed with and 27,360 men will die of PC in 2009 [1] . At present, serum prostate-specific antigen (PSA) levels and digital rectal examination (DRE) are the mainstays of clinical detection of PC. Abnormal findings are followed up by transrectal ultrasound (TRUS)-guided biopsy. Therapy generally consists of local therapy such as surgery or radiation therapy for localised disease and predominantly hormonal therapy for metastatic disease followed by taxane-based chemotherapy when hormonal therapy fails.
Clinical application of MRI in localised prostate cancer
Magnetic resonance imaging (MRI) is more accurate than either DRE or TRUS biopsy in preoperative anatomical localisation of PC [2] . MRI provides incremental value to clinical findings in staging patients of intermediate risk. For example, organ-confined disease implies that the patient may benefit from local therapy such as surgery [3] . In cases where there is discordance between PSA levels and biopsy findings (e.g. elevated PSA levels but negative biopsy), MRI may be used to detect and direct re-biopsy of suspected tumour foci [4] . When tumour recurrence is suspected, MRI can aid in localising the site of tumour recurrence [5] .
Conventional MRI for localised prostate cancer evaluation
High-resolution fast spin-echo MRI using an endorectal coil provides excellent visualisation of the prostate gland and surrounding structures. Tumour appears hypointense to normal prostate tissue on T2-weighted images (T2WI). Prostatitis, benign prostatic hyperplasia (BPH) and posttreatment changes (radiation and hormone ablative therapy) are common false-positive findings [6] . The sensitivity and specificity of T2WI for PC vary widely, due to differences in imaging techniques, reference standards, criteria for defining disease involvement on MRI and inter-observer variability [7] . In a meta-analysis by Sonnad et al., T2WI showed a maximum joint sensitivity and specificity rate of 74% for the staging of PC [8] . Engelbrecht et al. [7] showed similar findings, with a joint sensitivity and specificity rate of 71%.
Clearly, T2WI has limitations in PC evaluation. This has led to substantial interest in advanced MRI techniques such as diffusion-weighted imaging (DWI), magnetic resonance spectroscopy (MRS), and dynamic contrast-enhanced (DCE)-MRI as adjuncts to T2WI.
DWI methodology for prostate MRI
For this paper, relevant English language publications in the Medline database pertaining to DWI of the prostate gland, up to as recent as March 2010, were carefully reviewed.
DWI is potentially useful in tumour detection, staging, assessment of treatment response and disease relapse [9] . It measures the restriction of diffusion in biological tissues and properties such as cellular density, membrane permeability, and space between cells; it can aid in distinguishing benign from malignant tissues. For example, the luminal space in benign human prostate tissue is on average hundreds of microns wide, while the restrictions to water diffusion in PC is up to ten microns, a displacement scale at which DWI is sensitive [10] .
Because the prostate gland is not subject to much motion (e.g. cardiac, respiratory or bowel), MRI, including DWI, can be performed without breath-holding. Typically, an ultrafast echoplanar T2-weighted sequence is used (Table 1) . Either endorectal or phased-array coils can be employed.
Diffusion-weighted images can be post-processed to obtain apparent diffusion coefficients (ADCs). ADCs eliminate the effect of T2 shine-through, and objectively measures tissue diffusivity [11] . ADC maps allow for visual assessment; the tumour appears as an area of decreased signal (Fig. 1) .
Diffusion-weighted imaging has the distinct advantage of being acquired very rapidly, without the use of intravenous contrast material or specialised hardware. In a recent study, using 1.5T and an endorectal coil for imaging, total image acquisition time was less than 1.5 min for imaging at 4-mm sections (12 slices) across the entire gland, at multiple b-values of 0, 300, 500 and 800 sec/mm 2 [12] . The advent of parallel imaging coils and advancements in echo-planar imaging in recent years have allowed for further shortening of echo-train lengths (and consequently imaging times) and improved spatial resolution [13] . At a 256×256 matrix and slice thickness of 3 mm without an intersection gap (performed at 1.5T using an endorectal coil), spatial resolutions of 10.8 mm 3 are achieved [14] .
Potential uses of DWI in prostate cancer detection
Lesions within the peripheral zone
Most of the studies to date that have assessed the utility of DWI in PC evaluated lesions within the peripheral zone (PZ). Several have suggested improvement in tumour detection over T2WI, either using DWI alone, or in combination with T2WI. Mazaheri et al. demonstrated high sensitivity (82%) and specificity rates (95%) using an ADC cut-off of 1.6×10 −3 mm 2 /s [15] , while improving tumour volume estimation. Miao et al. [16] showed that the sensitivity and specificity rates for T2WI was 76% and 70% respectively, compared with 86% and 80% for DWI. Combined T2WI and DWI yield slightly better results, with reported sensitivity and specificity rates of 45-89% and 61-97% respectively, compared with 74-85% and 57-95% respectively for DWI alone and 25-87% and 57-92% respectively for T2WI alone [12, 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Lesions within the transitional zone On T2WI, PZ is distinctly separate from the transitional zone (TZ), which would theoretically include the anatomic central zone as well. It is accepted that tumour detection by T2WI in the transitional zone (TZ) is inferior to that in the PZ [27] . The PZ is predominantly composed of glandular tissue that is hyperintense on T2WI and contrasts well with tumour. In comparison, the TZ contains more stromal tissue, giving rise to lower T2 signal which may overlap with tumour [28] .
Diffusion-weighted imaging may improve MRI detection of TZ tumours (Fig. 2) . ADC values for malignant tissue are commonly lower than those of normal PZ and TZ [27, 29] , as well as BPH nodules [30] . Shimofusa et al. [21] found that DWI detected tumour in the TZ in 5 out of 8 (63%) patients, compared with one out of 8 (13%) patients detected using T2WI. Yoshimitsu et al. found that the mean tumour volume in the TZ detected by DWI increased from 20% to 52% compared with T2WI (p<0.0001) [17] .
However, as with T2WI, DWI sensitivity for tumour in the TZ remains less than in the PZ. In a study of 47 patients, Kim and colleagues [25] found that the mean ADC value for normal TZ (1.441×10 −3 mm 2 /s) was significantly higher than for the PZ (1.146×10 −3 mm 2 /s). In that study, sensitivity of ADC values for PC in the peripheral zone was 98%, compared with 81% in the transitional zone (p=0.01), although there were no significant differences in specificity.
Extraprostatic involvement
Seminal vesicle invasion (SVI) (Fig. 3) is generally regarded as a poor prognostic indicator after radical prostatectomy [31] . Ren and colleagues [23] showed that the combined use of DWI with T2WI is superior to T2WI alone for detecting SVI, while noting that ADC values are lower in PC than in normal seminal vesicles. Kim et al. showed increased specificity (87% to 97%) and accuracy (87% to 96%) for SVI by combining DWI and T2WI compared with T2WI alone; substantial inter-reader agreement was found despite the presence of haemorrhage within the SV in a number of patients [18] . Interestingly, the increase in accuracy and specificity was greater for the less experienced reader.
In a similar study looking at urinary bladder involvement, PC had a significantly lower ADC value (0.963×10 −3 mm 2 /s) than normal urinary bladder wall (1.517×10 −3 mm 2 /s) and combining DWI with T2WI increased the sensitivity and specificity for urinary bladder invasion by PC (82% and 78%) compared with either T2WI alone (73% and 65%) or DWI alone (78% and 57%) [26] .
Pre-treatment detection: tumour localisation and prognostication
Early detection and localisation of PC at a treatable stage is important. TRUS-guided biopsy in patients with elevated PSA levels has low sensitivity of around 60% and a high false-negative rate of 15-30% [32, 33] . DWI may be helpful in localising tumour in patients with previous failed TRUS biopsy, with the potential to improve rebiopsy success rates. In a multireader study of 17 patients with both previous negative TRUS biopsy and persistently elevated PSA before repeat biopsy, DWI at 3T combined with T2WI had improved sensitivity of 81-84% compared with 54-73% for T2WI alone [20] .
Tumour localisation should improve radiotherapy planning for escalating the dose to the tumour relative to the surrounding normal tissues. This has already been demonstrated for MRS [34, 35] . Kajihara and colleagues found that the addition of DWI to T2WI increased both sensitivity (from 26-51% to 47-72%) and positive predictive value (from 47-73% to 58-80%) in the localising PC and suggested that this may improve radiation therapy planning [19] . Detection of tumour in areas of haemorrhage following TRUS biopsy is a problem with T2WI. DWI (57%) has been shown to be slightly more sensitive than T2WI (51%) in detecting tumour within areas of haemorrhage [36] . Prostate cancer tends to have lower ADC signal than blood (Fig. 4) .
Diffusion-weighted imaging may also play a role in PC prognosis. It has been shown that the ADC of poorlydifferentiated cancer (0.93×10 −3 mm 2 /s) is lower than that of a well-differentiated cancer (1.19×10 −3 mm 2 /s) [17] . Zelhof et al. [37] and Gibbs et al. [38] showed that ADC values correlate inversely with increasing cellularity within the prostate gland. DeSouza and colleagues [39] found that patients in higher risk groups with lower ADC values had a greater tumour burden.
Post-treatment detection: monitoring treatment response and local tumour recurrence
Local ablative therapies such as cryoablation, radiation therapy or high-intensity focused ultrasound (HIFU) can result in diffusely decreased T2 signal, potentially masking residual disease [40] . In experimental models, normal prostatic tissue that regenerated following thermal injury showed a rise in the ADC values towards normal [41] . Fig. 2 Endorectal MRI of the prostate performed at 1.5T in a 52-yearold man with prostate cancer. a Axial T2WI of the prostate at the mid-gland level demonstrates diffuse hypointense signal involving the peripheral, which is inseparable from the transitional zone.
b Corresponding ADC map, demonstrates low signal in both the peripheral zone (long arrows) and the transitional zone (short arrows), is consistent with tumour infiltration in both locations Therefore, sites of residual or recurrent disease that continue to show restricted diffusion can theoretically be detected by DWI.
In patients who underwent HIFU for PC, combined T2WI and DWI have been shown to be more specific than dynamic contrast-enhanced (DCE) MRI (74%-78% vs 63%-68%) in detecting post-treatment tumour progression, even though sensitivity may be lower (63-70% vs 80-87%) [42] . Following external beam radiation therapy, DWI had higher sensitivity and specificity (67% and 97%) than T2WI (25% and 92%) in the detecting local recurrence. Combining DCE-MRI with DWI further improved tumour detection [43] . DWI also has the potential to evaluate residual disease post-hormone therapy (Fig. 5) ; this requires further study.
Current limitations of DWI for prostate cancer
The prostatic base has clinical significance because disease here can extend directly into the seminal vesicles. Evaluation by DWI can be limited by increased cellularity in the normal prostatic base [12] . Kim et al. reported lower sensitivity of DWI for tumour (66%) in the prostatic base compared with the TZ (81%) [43] .
Potentially benign conditions that may falsely lower ADC include: (1) various abnormal conditions, such as prostatitis and the compact fibromuscular stroma seen in benign prostatic hyperplasia [10, 44] , (2) susceptibility artefact at tissue boundaries [45] and at areas of haemorrhage (Fig. 6 ), (3) elevated vascular flow associated with tumour [29] , as well as (4) organ motion [24] . Conversely, well-differentiated tumours with predominantly glandular composition may yield relatively higher ADC values [17] .
Imaging at higher field strengths (e.g. 3T) may increase susceptibility to magnetic field heterogeneity. Nevertheless, a number of recent studies have utilised DWI at 3T with promising results [16, 18, 20, 37, 42, 43] (Fig. 6) .
Comparison of DWI imaging with other MR methods

T2-weighted imaging
Current literature suggests that DWI, when combined with standard T2-weighted imaging, increases sensitivity and specificity for detecting PC. This may be attributed to increased contrast on DWI images compared with conventional imaging [46] . When combined with T2-weighted imaging, the sensitivity and specificity for PC range from 71 to 89% and 61 to 91% respectively, compared with 51-86% and 60-84% respectively for T2WI alone [17, 19, 21, 22, 47] . Lim et al. [24] showed that combined T2WI and DWI imaging increased the AUC among readers from 0.66-0.79 for T2WI alone and 0.74-0.86 for DWI alone, to 0.76-0.9 (p<0.001). Fig. 4 A 74-year-old man with biopsy-proven prostate cancer and multifocal post-biopsy haemorrhage. MRI was performed using a 1.5T scanner. a T1WI shows focal hyperintense signal (arrow) in the right peripheral zone, consistent with haemorrhage. b Mild signal loss is present on the corresponding ADC map due to susceptibility artefact (arrow). c T2WI at a different level in the gland showing focal hypointense signal (arrow) consistent with a tumour. There was no evidence of increased signal at this site on T1WI (not shown). d ADC map of the gland at the same level as in (c) that is relatively lower in signal (arrow) in comparison to the haemorrhagic focus in (b) However, when used in isolation, DWI tends to be less impressive in some studies. DWI alone has a sensitivity of 49-84% and specificity of 57-93% compared with a sensitivity of 27-88% and specificity of 67-91% for T2WI alone [16, 36, 43, 48] . Furthermore, DWI does not presently achieve the same spatial resolution as T2WI, which is crucial for assessment for extracapsular extension [49] . Hence, at present, DWI should be used as an adjunct to, rather than replace, T2WI.
MR spectroscopy
By determining the chemical composition of the studied tissues, MRS provides metabolic information about prostate tissue. While normal prostate tissue contains a high level of citrate, in PC the citrate level decreases while the choline and creatinine level increases paradoxically. The data are usually presented in the form of graphs in multivoxel analyses. Alternatively, colour coded maps can be super- Fig. 6 A 68-year-old man with a PSA value of 21 ng/ml. MRI study was obtained using pelvic phased-array coil performed on 3T MRI. a T2-weighted images of prostate gland show focal low signal (arrow) in the right peripheral zone at the level of the mid-gland. This was biopsyproven to represent adenocarcinoma (Gleason's score 4+5). b At b=50 sec/mm 2 , the normal peripheral zone retains a high signal, though tumour tissue (arrow) is shown as an area of hyperintensity. c At b= 1,000 sec/mm 2 , contrast between the tumour (arrow) and the normal peripheral zone is increased. d Corresponding ADC map yielded restricted diffusion in the same region (arrow) Fig. 5 A 60-year-old man with prostate cancer. MRI was performed using a 1.5T scanner. a Before hormone therapy, axial T2WI demonstrates diffuse hypointense signal in the peripheral zone on the right (long arrow) and focal hypointense signal on the left (short arrow). b After hormone therapy, axial T2WI demonstrates diffuse hypointense signal throughout the peripheral zone (arrows), limiting interpretation. The gland has also decreased in size. c After hormone therapy, the ADC map demonstrates low signal in a similar location (long and short arrows) as seen on the pre-treatment axial T2WI imposed upon T2WI images for anatomic correlation [46] . Compared with DWI, MRS has the disadvantages of longer acquisition time and the need for additional software [46] , which lead to increased cost and decreased throughput. Furthermore, signal from periprostatic fat and seminal vesicles can distort spectral waveforms. Lastly, MRS suffers from lack of spatial resolution, estimated to be 15 times poorer than DWI [14] . However, MRS does possess generally acceptable accuracy and diagnostic performance [46] .
Results for comparison between DWI and MRS have been mixed. Chen et al. [48] found that DWI (82%) and MRS (84%) had similar sensitivity but DWI had lower specificity (82%) compared with MRS (98%). Reinsberg et al. instead showed slightly lower sensitivity and specificity rates of DWI compared with MRS, particularly when the percentage of tumour within the voxel was smaller (see section on voxel size) [50] . Mazaheri et al. found that the AUC for DWI was higher (0.81) than for MRS (0.74), but results were better when both techniques were combined (0.85). Further research directly comparing the two techniques is therefore necessary [14] .
Dynamic contrast-enhanced MRI DCE-MRI characteristics can be studied either using nonpharmacokinetic (time-intensity curves) and pharmacokinetic methodologies (tracer kinetic modelling). The former method is relatively simpler and can be more easily applied to routine practice, where tumour typically shows early enhancement and washout [51] . The latter method of using tracer kinetic modelling allows for analysis of more sophisticated perfusion parameters, such as mean transit time, blood flow, permeability surface area, and interstitial volume, which have also been shown to be significantly different between PC and normal prostate tissue [52] . To improve ease of use, colour maps of the various complex DCE-MRI parameters can be created and superimposed upon T2WI images for anatomic correlation. Compared with DWI, DCE-MRI has the drawback of intravenous gadolinium administration. Like DWI, it is also limited by motion and biopsy artefacts [53] .
The results for DWI compared with DCE-MRI have been mixed. Kim et al. [43] found similar sensitivity and specificity between DWI and DCE-MRI. In another study [42] , DWI and T2-weighted imaging combined provided better specificity (74-78% versus 63-68%) but lower sensitivity (63-70% versus 80-83%) compared with DCE-MRI. In comparison, Tamada et al. noted better sensitivity by DWI than DCE MRI (57% versus 46%), but similar specificity (90% vs 93%) [36] . In a more recent study using a 3T scanner, by ROC analysis, Kitajima et al. [54] showed that T2WI combined with DCE-MRI improved diagnosis over that T2WI alone, although this difference was not significantly different (AUC 0.87 and 0.84 respectively); however, combined T2WI and DWI as well as combined T2WI, DWI and DCE-MRI (AUC 0.89 and 0.90 respectively) performed statistically significantly better than T2WI alone, but not different from each other (T2WI + DWI versus T2WI + DWI + DCE-MRI). As with MRS, further experience directly comparing DWI and DCE-MRI is needed.
Some technical issues to consider when applying DWI to prostate cancer
B-value
There is currently no consensus on the optimal b-value to use in prostate DWI [19, 29, 46] . Most studies have used b-values between 0 and 1,000 sec/mm 2 . In developing DWI into a robust technique for PC imaging, there is a need for standardisation of b-values [9] .
Higher b-values may provide better characterisation of PC and treatment response in experimental mouse models [55] . Larger b-values are necessary to limit the effects of bulk motion (perfusion) [56] . Qayyam et al. have suggested b-values of more than 1,000 sec/mm 2 because of the inherent high T2 signal of the prostate gland [57] . The advantages of using higher b-values include increased diffusion weighting (and diminished T2 shine through) [46] , a higher contrast-tonoise ratio, and theoretically, better tumour detection. Disadvantages are increased motion and susceptibility artefacts, as well as decreased signal-to-noise ratios [46, 58] .
On the other hand, Kitajima and colleagues found that increasing b-values from 1,000 sec/mm 2 to 2,000 sec/mm 2 did not confer additional benefit for lesion detection [59] . In neuro-imaging, it has been shown that increasing the b-value from 1,000 sec/mm 2 to 3,000 sec/mm 2 decreased ADC values by an average of 30% [60] . Lower signal-tonoise ratios may confound interpretation of different ADC values, as it could be impossible to determine whether the decrease in ADC is due to reduced SNR or true restriction of diffusion. Furthermore, several authors have demonstrated good results using b-values smaller than 1,000 sec/mm 2 [29, 39] .
ADC values versus qualitative visual assessment
The ADC is potentially an objective means by which to detect tumours by DWI [27, 39, 61, 62] . However, tissue diffusivity depends on both biological (patient's age and body temperature) and technical factors (b-value, location and size of the region of interest) [24, 63] . To date, no definite ADC cut-off for tumours has been established.
Normalised ADC, the ratio between ADC values of normal and tumour tissue, may potentially overcome variations in patient and technical factors, but has yet to be established [24] .
Apparent diffusion coefficient maps are image representations of ADC values and allow for visual comparison between tumour and normal tissue. These have been used with good results in multiple studies [15-18, 20, 22, 24, 47] . Compared with assessing absolute ADC values, this method is less time-consuming, requires less post-processing and may be more practical in the clinical setting. The main limitation is inter-observer variability; therefore, reader experience becomes important [24] .
Voxel size
As DWI reflects tissue composition, the degree of restricted diffusion can be expected to increase with the proportion of tumour within a voxel. Reinsberg et al. [50] noted that DWI with the tumour occupying approximately 30% of the voxel, sensitivity and specificity were 67% and 60%, but when tumour occupied approximately 70% of the voxel, sensitivity and specificity increased to 93% and 57% respectively. In the recent study by Langer et al. [64] it was shown that DWI is unable to differentiate between sparse PC (as defined by tumour of less than 40% within the lesion) and normal PZ tissue. Logically, higher resolution imaging would improve lesion detection, although this needs further validation.
Future directions for DWI in prostate cancer
Bi-exponential analysis Theoretically, mono-exponential analysis, which assumes an inverse linear logarithmic relationship between signal intensity and b-values, could fail to discriminate between the fast and slow components of diffusion. The fast diffusion component (large-scale bulk movement of molecules secondary to capillary flow) is studied at lower b-values. The slow diffusion component (related to the cellularity of tissues) is studied at relatively higher b-values [45] . The bi-exponential method of diffusion analysis theoretically eliminates the effects of perfusion, reflecting tissue diffusion characteristics to a closer degree [45, 65] . For this method, an extended range of b-values (b>1,000 sec/ mm 2 ) needs to be acquired. This has been achieved with line scan diffusion imaging, but currently only acquires data at a specific slice location. Currently, its small volume coverage limits this technique for clinical practice [66] . Furthermore, whether bi-exponential analysis confers significant benefit over mono-exponential analysis in practice remains to be shown.
Diffusion tensor imaging
In vivo diffusion tensor imaging (DTI) of the prostate gland is feasible, including that at 3T [67] , based on the fact that the motion of water molecules is not truly random, but follows the orientation of the tissue structure (anisotropy) [68] . Gibbs et al. [28] demonstrated increased diffusion in the superior-inferior direction compared with the transaxial plane. PC theoretically disrupts this normal anisotropy. Gibbs and colleagues found that mean fractional anisotropy was significantly increased in tumour (0.24) compared with normal peripheral zone tissue (0.16) [49] . Limitations of DTI include noise variation, long imaging times and specific absorption rate limits [10, 68] . At present, DTI for PC detection still warrants investigation.
Multiparametric evaluation
The utility of combining functional MRI techniques with conventional spin echo MRI has been alluded to. Research has been directed towards combining various acquisition parameters (such as water diffusion, chemical environment and vascular properties) into a single value or image to improve tumour localisation [69] . Recently, Langer and colleagues were able to successfully combine quantitative T2WI, DWI and DCE-MRI data through logistic regression to develop an objective model for mapping the tumour within the PZ [62] . Some other authors have shown improvements in accuracy in combined T2WI, DCE-MRI and DWI [47] , combined T2WI, DWI and MRS [48] , as well as combined T2WI, DCE-MRI and MRS [70] , whereas others have not seen as much benefit of two verse three parameter analysis [54] . However, it is currently unclear whether using multiple functional parameters is superior to T2 plus a single parameter such as DWI only, given the increased imaging time and potential expense. This requires further study. Nevertheless, it is anticipated that improvements in scan time acquisition using higher field magnets and dedicated software that can rapidly analyse large amounts of complex data into simpler but easily interpretable information will lead to greater acceptance of multiparametric MRI in routine clinical practice [71] .
Conclusion
Diffusion-weighted imaging is potentially useful in prostate cancer detection and localisation. Early experience suggests that DWI may be useful in localising PC for diagnosis, monitoring, biopsy, treatment planning and staging as well as potentially for response assessment. It may also aid in evaluation of more difficult cases such as disease in the transitional zone or when there is haemorrhage. The strengths of this technique are its short imaging time, no need for intravenous contrast material or additional hardware, and relatively simple post-processing requirements. Optimisation and standardisation of the various technical parameters should help render it a robust adjunct to conventional MR imaging of the prostate gland.
